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INTRODUCTION
This final report describes the research performed on NASA Grant
No. 33-018-137? "Instabilities and Turbulence in Highly Ionized Plasmas
in a Magnetic Field", in the period 1 March 1970 - 30 April 1972. Work
that has .been reported in previous Status Reports is briefly summarized,
while more detail is included on work completed since our report of
November 1971. This work was primarily involved with understanding the
physical mechanisms responsible for plasma turbulence and the establish-
ment of necessary conditions for energy exchange and transfer both up
and down the.frequency spectrum. In addition, work has been performed
on better understanding of the drift instability in the highly inhomo-
geneous Rensselaer arc, and methods to suppress this instability using
feedback stabilization techniques.
Several new diagnostic techniques have also been developed during
this program. Correlation techniques have been refined to study plasma
turbulence, the diffusion wave technique for monitoring cross-field
diffusion has been extended to include regimes of high turbulence levels,
and a new technique for coupling stabilizing rf power to the Rensselaer
arc has been developed.
Some of the results of the program are contained in the following
publications:
"Correlation Measurements of Plasma Turbulence Spectra", G. Huchital,
J. H. Noon, W. C. Jennings, Bull. Am. Phys. Soc. 15, 1^ 28 (1970).
"Energy Transfer and Periodic Exchange by means of Three-Wave Inter-
actions in a Highly Ionized Magnetoplasma", G. S. Huchital, J. H.
Noon, and W. C. Jennings, Bull. Am. Phys. Soc. l6, 12U3 (1971).
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"Phase Properties of a Drift Wave in a Hollow Cathode Arc", G. X.
Kambic, J. H. Noon, and W. C. Jennings, Bull. Am. Phys. Soc. l6,
1236 (1971).
"Feedback Stabilization of the Drift Instability in a Hollow Cathode
Arc", J. Stufflebeam, R. E. Reinovsky, J. H. Noon, and W. C. Jennings,
Bull. Am. Phys. Soc., l6, 12^  (l9?l).
Wow that the academic programs of most of the students involved in this
work have ended, we areoin the processes of finishing several full-length
articles that will soon be submitted for publication.
1. Correlation Techniques
The first part of this program was devoted to the development of
correlation techniques to study the turbulent spectrum in the Rensselaer
hollow cathode discharge. A PAR Model 100 Correlation Computer was
purchased along with a complimentary Model 102 Fourier Analyzer which
allowed the investigation of both auto- and cross-correlations of oscil-
lations detected by Langmuir probes, and the associated power spectra.
It was shown that within a small frequency band, all oscillations were
partially coherent in time and space and measurements of time scale of
turbulence were made. The data obtained by the techniques developed were
reported at the Plasma Physics Meeting of APS in November 1970? and
are contained in our Status Report of October 1970.
2. Extension of the Diffusion Wave Technique
The diffusion wave technique for monitoring cross-field diffusion,
(2)developed at MIT, was extended to study the radial diffusion in the
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Rensselaer HCD. Techniques were developed to utilize this method in
quiescent regimes, turbulent regimes, and regimes containing one or more
large coherent oscillations. The importance of this method lie in its
ability to determine the form of the diffusion process at any value of
magnetic field, the fact that no restriction is placed on the form of
the radial plasma density profile, and the ability to analyze dominant
diffusion factors even when they vary significantly with radius.
With the techniques developed, we were able to demonstrate that a
moderately turbulent regime agreed in form to classical ambipolar diffu-
sion theory with a diffusion coefficient about 21 times that predicted
from the classical theory. When conditions were changed to allow the
onset of a large ion acoustic wave, the diffusion process was observed
(3)to change to that described by Bohm. Further, the techniques was
used to demonstrate the transition a from highly ionized—coulomb
collision dominated region to a neutral collision dominated region in
the radial inhomogeneous HCD.
The details of both the theoretical and experimental portions of
this work are contained in our Status Reports of April 1971 and November
1971. A publication based on the results obtained is anticipated in
the near future.
3. Non-Linear Three-Wave Interactions in a Turbulent Magnetoplasma
Our studies have led us to view turbulence phenomena as an exten-
sion of the fundamental properties of three-wave interactions in a non-
linear medium. We have completed an analysis of these interactions
starting with the same equations used to describe the propagation of
diffusion waves; neglecting non-linear terms leads to diffusion wave
theory while inclusion of these terms leads to the description of
three-wave interaction.
(M
We have shown that if three low frequency diffusion waves (or
short-term turbulent oscillations) satisfy the resonance conditions
of ox + cop = u) and k + k = k , periodic energy exchange occurs.
More importantly, if certain conditions are met, direct energy trans-
fer either up or down the frequency spectrum may result. The necessary
conditions are determined by the shape of the amplitude spectrum of
density oscillations. We assume the three interaction density oscil-
lations to be of the form
np (r,t) = N (r) ap(t) exp (i k . r - icc^ t) + C.C.
where p = 1, 2, 35 N (r) > a ("t) aj:e the radial and time dependcies of
the oscillation respectively, k , 03 are the wavenumber and frequency
of the oscillation, and C.C. represents the complex conjugate. For
this representation, the conditions for energy transfer are given in
the following table: .
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TABLE 1
Conditions for Direct Transfer of Energy
Shape of Amplitude o>,, uv, present O>D o^, ou present ov, o>>, 03-, present oo-
Spectra initially absent initially absent initially absent
Nlai * N2a2 > N3a3 X X X
N^ > N3a3 > N2a2 X X o^ - -
W2a2 > Nial ^ N3a3 ^3 X X
N2a2 -^ N3a3 ^ Nial ^3 ^ x
Na X <x> o
X = possibility of periodic energy exchange only
oo = possibility that wave at oo gains energy
directly from other two waves
Thus we see that if there is an inversion in the amplitude spectrum,
direct transfer of energy may occur. (Note that if the spectrum is
monotonically decreasing, no transfer occurs. If the spectrum is mono-
tonically increasing, transfer may occur either up or down the frequency
spectrum.)
Experimental results have been obtained that are consistent with
the analysis developed. We have observed direct energy transfer and
evidence of periodic exchange under specific conditions. The results
(10
of our work were"reported at the 1971 Plasma Physics Meeting of APS
and are presently being finalized for publication.
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k. Radial Dispersion Relation for Turbulent Magnetoplasmas
I. Introduction
A previous Status Report (November 1971) dealt with the use of the
diffusion wave technique for monitoring plasma diffusion. Since that
time the results of the earlier theoretical efforts have been used to
predict the dispersion relation between the frequency of plasma oscil-
lations and the radial component of their wavenumbers. The motivation
-for this work stems from the need to relate experimentally measured
frequency power spectra with the wavenumber spectra predicted by
theoretical efforts in plasma turbulence. ' The theoretical results
usually predict an amplitude power spectrum proportional to the wave-
number of the turbulent oscillations raised to a negative power.
0 = 00*~m (i)
Experiments have measured the power in each frequency component
resulting in a spectrum of the form
0 = 00ofn . (2)
Initial attempts to compare theory and experiment were made by
assuming CD a, k. These attempts were inconsistent with theoretical pre-
dictions resulting in the belief that a more complicated relation must
hold between frequency and wavenumber.
The results of the work on diffusion waves allows us to obtain the
dispersion relation between co and k for both fully and weakly ionized
plasmas3 and for the plasmas where the diffusion rate is classical •••
or anomalous at the Bohrn rate . Further, the behavior of the
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spectruiA of turbulent oscillations on magnetic field strength, magnitude
of the diffusion coefficient, and radial density profile may be obtained.
Results are also presented for the relationship between frequency and the
imaginary part of the radial wave number, and both the real and imaginary
paxts are compared with experiment.
II. Theory
The model originally used by Flannery and Brown *• ' '-•"•• Vas~-adapted
in our previous work and the major conclusions relating to the radial
dispersion relation are briefly presented.
a. For anomalous diffusion
i,
 0 2 V 3 2 2 '
k
' r 0 L k T - 2 2
where Q is an adjustable parameter to allow the rate of. diffusion to differ
in magnitude from the Bohm rate.
b. For classical diffusion in a fully ionized plasma
'•
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c. For classical diffusion in a weakly ionized plasma
2C
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Po (6 x 108)
where Cg = - 5 - , p is the pressure in torr and the experimental
m CD
e ce
gas is argon. We have neglected, any spatial variation of the electron
temperature.
A. Radial Dispersion Relation
We can use the results of the previous section to predict the dis-
persion relation of oscillations that follow the flux of charged particles
in the radial direction. We assume that the externally excited pertur-
bation used for diffusion wave theory is no longer excited from outside
but occurs spontaneously in the plasma. The dispersion relation for
these spontaneous oscillations depends on the diffusion process.
a. Anomalous Diffusion .
If the diffusion is considered anomalous and follows Bohm's empiri-
cally derived equation, the dispersion relation can "be taken directly
from equation (3)
- 2 V B If V B 2 _ 2 /
s s co B ^ i
2For low frequencies, CD <sc —— we can reduce this expression to read
•
k r - ¥ <T5Tv-> m or k d < " (7)G S
It can be seen that for low frequency oscillations the wave number
k is directly proportional to the frequency of the oscillation. For
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an argon plasma with electron temperatures on the order of 2 ev,
Q
V = 2.16 x 10 m/sec. If the axial dimension of the plasma is one meter,
k. will be directly proportional to co, as long a^ oo<3C^ x 10 radians/sec
r
 4 y
or f « 700 Hz. On the other hand, if oP» —^~
L
n _ 2 V 2 B 2 V B 1 / 21 / co B s s <.
2 Q kTg Q kTe L2 co Q ^ Aie
it is seen that for this case k_ is proportional to the square root of
to for high frequency oscillations
\ * \ (Q^T-> ^ °r \ a
Baese results are demonstrated in Figure 1. It can "be seen that
for low frequencies < 1 KHz the wave number k is linearly related to
f , and as the frequency of the oscillation increases this direct propor-
tionality no longer holds.
The magnitude of the diffusion coefficient and the strength of the
magnetic field also effect this dispersion relation. As the magnetic
field is increased, the wavenumber of a particular oscillation will also
increase. The inverse is true if the magnitude of the diffusion coeffi-
cient increases.
b. Classical-Fully ionized
The dispersion relation can be derived for the case of classical
diffusion in a fully ionized gas from equation
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As long as the gradient of charged, particles in the radial direction
is small we can usually neglect the third term and solve directly for k
2(kT ) 2V k V
2 o L
2 V
For small u>«
1/2)1/2 L
k ^ i (— — S - — ) cu or k a co (ll)
r 2 V2 C, n V ' r1 o s
Thus for low frequency oscillations k_ is again directly proportional to
the frequency of the oscillation. For high frequencies the wavenumber
1/2 2 Vs
can again be shown to be proportional to CD ' . If cn» — = —J.J
i/p V2(kT J1/2 / /
k ^ ( e ) en1/2 or k a a)1/2 (12 )
r <- i ri r
These results are presented in Figure 2. Comparison of the two figures
shows that the magnitude of k. differs significantly in these two cases.
The effect of the magnitude of the diffusion coefficient and the
strength of the magnetic field exhibits the same general trend as for .
anomalous diffusion.
c. Classical-Weakly Ionized
The dispersion relation for classical diffusion in a weakly ionized
gas is very close to that predicted for the case of anomalous diffusion.
From equation (5)
2V 2
261 - g TQ C2 L (kTe)2'61 2 Q2 C/ (kTe)5'
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2 V
where for to « —~ (f « TOO Kz)
1 / L a/2
: -s* T ( p^-T^ j } ' co or k a co
r
 *
 Cl Q (M J2'"- V.
.2 V
and for en » ——
^ " k ( X , ^) °>1/2 °^ kr " a1/2 (15)
2. Phase Velocity of Oscillations
From the above sets of dispersion relations one can calculate the
phase velocity of oscillations at different frequencies. The phase velo-
city of the oscillations increases as the magnitude of the diffusion
coefficient increases and decreases -as the magnetic field strength
increases for all three diffusion processes examined. These results
can "be seen in Figures 3 and k.
Figure 5 relates the phase velocity of oscillations and their fre-
quency; the higher the frequency, the greater the phase velocity.
3. I (k ) vs co
^ —m&g-^ —T2
The imaginary part of k can be found directly from the radial
variation of the amplitude of a diffusion wave. This was presented
in our earlier paper and the results are stated again here, for anoma-
lous diffusion, classical diffusion in a fully ionized gas and classical
diffusion in a weakly ionized gas respectively.
a. Anomalous Diffusion
N(r) = Const exp - ( f-ff- kT£(r-ro)) '(l6)
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b. Classical Diffusion — Fully ionized plasma
Const n (r ) , to (kT H^
•o
G. Classical Diffusion -- Weakly ipiliised. plasma.
N(r) = Const exp - ( - - - - (r - r )) (l8)
2 C Q k
For all three cases the radial variation of the amplitude of the
perturbation, N(r), is related to the imaginary part of the wavenumber by
-t \ -Im(k).r ,-^
w(r) = e (19)
Therefore .for the case of anomalous diffusion
& B /^\k
 - <20>
For low frequencies k a 03 and the imaginary part of k is a constant
' X*
independent of the frequency of oscillations. For high frequency per-
turbations k . a
real
1/2
1/2
-i/p
o/ or
For classical diffusion in a weakly ionized plasma the results are
essentially the same with kT replaced by (kT ) " . For a classical
diffusion in a fully ionized plasma the imaginary part of k is depen-
dent on the radial profile of the density of charged particles
,. ,. .. , . » ^  . » <*Te>1/2 V 1 -
real
r
o
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For low frequencies, k a to and at a specific radiation position
1/2k = Const. While for a high frequency perturbation k a a) ' and
J_
k a Const co / (23)1/2o '
All three diffusion processes lead to an imaginary part of k
r
•which is independent of frequency for low frequency perturbations and
depends directly on the square root of the frequency of the perturba-
tion for high frequency oscillations.
III. The Experiment
The apparatus used to check these predictions was the Rensselaer
HCD. A signal is launched by a grid immersed in the HCD plasma and
cross correlation between the driving signal and that detected by a
radially moveable Langmuir probe are made. The real part of the radial
wavenumber is calculated from the measured radial phase shift using
The diffusion wave technique was used to establish the diffusion
process. A regime was chosen where the diffusion was classical,
following the predictions for a fully ionized plasma.
A. Dispersion Relation Measurements
1. Real part of Radial Wavenumber verses Frequency
Data on the dispersion relation measured by this technique are shown
in Figure 6. The range of frequencies plotted is only over one order of
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magnitude. This is due to two factors: (l) Above ai?out 10 KHz, the
amplitude of the diffusion wave falls off extremely rapidly over short
radially distances causing the wave to be undetectable and making reliable
phase measurements almost impossible. Also above 10 KHz the radial wave
O _•]
number k is predicted (from equation k) to b© on the order of 10 m~ .
This would yield a phase shift of 10 radians in one centimeter. Since
the sensing probe is approximately 2-5 mm in length, the probe will begin
to average phase measurements at these high frequencies. (2) Below 1 KHz,
very little phasd change can "be measured over the entire radial regime.
The reason for this can be demonstrated "by the use of equation 11
(Classical Diffusion-Charged particle collision dominated) where for
2 V
L n
03 (25)
2 V
s ' e
For typical conditions such as an electron temperature of 2 ev and charged
1 2 / h iparticle density of 10 /cm, if co « 10 rad/sec
k st 1 x 10"3 CD (26)
Thus for a frequency of 500 Hz, the measured phase shift over 1 cm would
"be less than 10 . Since the accuracy of our instrumentation is "between
5 and 10 , measurements of the wavenurriber of low frequency diffusion
waves is difficult. The frequencies plotted in Figure 6 are in the inter-
mediate range. That is the dispersion relation does not demonstrate
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1/2k a u> (low frequencies) or k a CD ' (high frequencies) "but falls some-
where in between with k_ increasing with to. However, the agreement with
the theoretical curve shown is good.
2. Imaginary Part of radial wave number verses frequency.
The amplitude of the external1y generated diffusion waves was moni-
tored along with the phase. It was found that the imaginary part of the
radial wavenumber, kT, was radially dependent. The amplitude of diffu-
sion waves appears to depend on the noise level of oscillation. This
can be seen in Figure 7 where the amplitude of ion oscillations is plotted
verses radius- with and without a diffusion wave present. In regions
where the level of noise has increased, the amplitude of the diffusion
wave also.increases. This effect is also apparent when one monitors the
amplitude of electron oscillations radially. It appears that the diffu-
sion wave is interacting with the surrounding turbulent oscillations.
IV. Discussion of Results
A. k ., verses to
—real
The theory for the relation between the real part of the wavenumber,
k, and the frequency to was derived directly from diffusion wave theory.
Since the results of diffusion wave theory were shown to hold, the pre-
dicted dispersion relations must also apply for these oscillations and
depend on the diffusion process. All of the measurements reported
employed" a continuous externally excited disturbance which propagated radi-
ally through the plasma. Oscillations in the turbulent portion of the fre-
quency spectrum may be considered to remain coherent only for a short length
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of time. Therefore a continuous input signal does not represent the
propagation of turbulent oscillations accurately. Turbulent oscillations
would "be better simulated by a few short cycles of the oscillation of
interest. Experimentally this was accomplished by gating the signal
to the launching grid so ae to lijnit the nwriber of cycles inpvi-tcd to tho
grid to between 3 and. 10. No change was observed between propagation of
this bursted input and the propagation of the continuous signals studied
in conjunction with the diffusion wave technique. The phase velocity of
these waves was found to be comparable. No change was noticed in the
phase shift verses radius curves if the signal amplitude was kept below
the value that would affect static plasma parameters. We can conclude
that the propagation of the small continuous input signals used for the
measurements involved in the diffusion wave method closely follows the
propagation of a turbulent-like disturbance of the same frequency. There-
fore the equations derived in Section II describing the relationship
between k. and en are applicable for short time scale oscillations in
our device.
2-
All three diffusion processes assumed in the theory lead to an
imaginary part of k which is independent of frequency for low frequency
perturbations and depends directly on the square root of the frequency
of the perturbation for high frequency oscillation. This predicts . that
the higher the frequency of the wave, the faster its spatial decay. This
was experimentally observed in all cases. For frequencies above 5 KHz
meaningful measurements on the externally generated diffusion waves could
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only be made over a relatively short radial region. Beyond approximately
one inch from the launching grid the signal had decayed below the ampli-
tude necessary to be sensed by the instrumentation. This problem was
further complicated by the effects of extraneous radiation. As the fre-
quency of the signal was increased the stray radiation throughout the
instrumentation was also increased. For frequencies above 20 KHz it
became impossible to separate the signal from the sensing probe from the
stray radiation pick up by the equipment.
Equations (l6)3 (17) and (l8) predict that the amplitude of the
perturbation will exponentially decrease with increasing distance from
the launching grid. This effect was not observed over the entire radial
range in the discharge. Figure 7 shows that the amplitude of the diffu-
sion wave first increased and then decreased over a radial distance of
1.5 inches. The rise in amplitude of the wave corresponded with a
similar rise in the level of turbulent oscillations. It appears reasonable
to assume that there is some energy transfer mechanism operating between
turbulent oscillations and the diffusion wave. This energy transfer did
not appear to affect the speed of propagation of the diffusion wave radi-
ally. We were able to use the diffusion wave theory of Flannery and
(2)
Brown which does not take into account any energy transfer processes
to describe this propagation. Flannery and Brown did not observe any
rise in the amplitude of the diffusion wave radially. This was probably
due to the fact that they were working in a quiescent regime with noise
levels on the order of only 2.5$. Any transfer of energy from such low
level turbulence would be very small when compared to the radial decay
of the diffusion wave itself.
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In conclusion, diffusion wave theory has been used to predict the
dispersion relation between radial wavenurnbers and frequencies. The
form of the dispersion relation does not change whether the plasma is
fully or weaMy ionized, or whether the diffusion is classical or
anomalous. To tfie extent that the analysis is applicable to turbulent
oscillations, the results yield some insight into the inconsistencies
obsea-ved in earlier attempts to compare turbulence theories with measured
power spectra.
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Figure Captions
Figure 1,
Figure 2.
Figxire 3.
Figure
Figure 5-
Figure 6,
Anomalous diffusion vavemirriber versus Frequency, D i = 1
predicted value, magnetic field = 1000 gauss.
Classical Diffusion — fully ionized plasma, wavenumber
versus frequency, D . = Ix predicted value. Assumed
exponential/
n = n e"
o
^ q - 5 cm. magnetic field = 1000 gauss.
Phase velocity versus magnetic field strength, y-axis
Vph x KP for classical diffusion Vph x 10 for anomalous
-r/qdiffusion. Dj_ - Ix. predicted value, n - n e
q = 5 cm, frequency of oscillation = 1000 Hz.
Fnase velocity versus magnitude of radial diffusion
coefficient, y-axis Vph x 103 for classical diffusion,
 ?
Vph x 10^ for anomalous diffusion, x-axis Dj_ x 1.18 x 10~
for classical diffusion, D , x 1.25 fco^anomalous diffusion,
magnetic field = 1000 gauss, n = n
quency of oscillation = 500 Hz.
e~r/q q 5 era, fre-
Phase velocity versus frequency of oscillation. Y axis
Vph x 10^ for classical diffusion, Vph x 10 for anomalous
diffusion Dj_ = Ix predicted value, magnetic field =
1000 gauss, n - n e~x/(i q = 5 cm.
Wavenumber versus frequency. Theory—solid line classical
diffusion for fully ionized plasma Bj_ = 21x predicted
value (from diffusion wave theory). Experimental points
( A ) magnetic field = 890 gauss. Arc Current = 20 A
Arc Voltage = 45 v. Radial charged particle density
profile measured experimentally.
-20-
Figure 1
-21-
Figure 2
-22-
Figure 3
-23-
CLASSICAL
ANOMALOUS
Figure h
-2k-
Figure 5
-25-
A
A
A
Figure 6
-26-
A SEGNAL
A NOISi
Figure 7
-27-
5. Feedback Stabilization of the Drift Instability
We have performed a series of experiments concerned with stabilization
of the drift instability observed in the Rensselaer HCD. Our earliest .
results were made using Langmuir probes as both sensing and suppressing
elements. Reasonable stabilization was achieved which was in qualitative
agreement with an analysis based on the Van der Pol equation. The data
fa)
were presented at the 1971 Plasma Physics Meeting of APSV , and the
details of the experimentation were included in our Status Report of April
1971. We also reported the development of an optical sensing element
which allowed us to remotely detect the instability amplitude.
Our goal since these earlier reports has been to develop a remote
stabilizing element such that the complete stabilization system was
external to the HCD vessel. Attempts to couple modulated microwave power
at the upper hybrid frequency were not successful due to the lack of a
high power microwave source. We then attempted to couple rf power into
the plasma through the use of an external coil wrapped around existing
diagnostic ports of the HCD. Our thoughts were to couple at the lower
hybrid frequency, but the coupling achieved has been concluded to defin-
itely not be a lower hybrid resonance.
The system developed employed an rf carrier frequency in the low
megahertz range, modulated by the instability signal detected by either
a Langmuir probe or the optical sensor. A phase shift of any angle
between 0 and 2n can be added to the modulating signal and the modulated
carrier signal is amplified before being applied to the coil. Typical
results are shown in Figure 8. Figure 8(a) shows the steady state
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amplitude of the drift wave at about 5 KHz, detected "by a Langmuir
probe 12 inches axially from the point where the stabilizing signal
was then applied. The resulting stabilization is shown in Figure 8(b).
The optimum stabilization was dependent on the frequency of the carrier
signal, the amplification of the modulated signal, the phase shift of
the instability signal, and the percentage modulation.
Figure 9 shows the variation of the stabilization with carrier
frequency with all other parameters held constant, a is the steady
state amplitude of the instability before stabilization and a is the
amplitude measured with the stabilization signal applied.
Figure 10 shows the ability of this system to stabilize not only
the fundamental mode of the drift instability, but also its higher
harmonics. 10(a) shows the unstabilized drift wave and its first
harmonic, 10(b) shows that when parameters are optimized, both the
fundamental and the first harmonic disappear. Analysis of the spectrum '
at higher frequencies has shown that no other harmonic grows at the
expense of the two shown. This stabilization scheme, whose principles
are not yet fully understood, is very attractive due to its ease of use
and the expense of the equipment required. Further work on this system
is continuing.
6. Phase Properties of the Drift Instability
Considerable work has been performed on the quantitative under-
standing of the mechanisms responsible for the drift instability observed
in the Rensselaer HCD. Particular attention was focused on the phase
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relationship between density and potential oscillations. The details of
the experiments performed and the results of the theoretical analysis
were presented at the 1971 Plasma Physics Meeting of APS and were
contained in our Status Report of November 1971«
¥e now have an adequate dispersion relation for the drift wave in
the HCD which shows that the driving forces are the radial gradients of
density and potential and the axial current. The linear theory predicts
the general form of the phase shift observed and shows the transition
from highly to weakly ionized plasma with increasing radial distance.
A publication based on these results is anticipated in the near future.
